ABSTRACT We demonstrate an accurate, quantitative, and label-free optical technology for high-throughput studies of receptor-ligand interactions, and apply it to TATA binding protein (TBP) interactions with oligonucleotides. We present a simple method to prepare single-stranded and double-stranded DNA microarrays with comparable surface density, ensuring an accurate comparison of TBP activity with both types of DNA. In particular, we find that TBP binds tightly to single-stranded DNA, especially to stretches of polythymine (poly-T), as well as to the traditional TATA box. We further investigate the correlation of TBP activity with various lengths of DNA and find that the number of TBPs bound to DNA increases >7-fold as the oligomer length increases from 9 to 40. Finally, we perform a full human genome analysis and discover that 35.5% of human promoters have poly-T stretches. In summary, we report, for the first time to our knowledge, the activity of TBP with poly-T stretches by presenting an elegant stepwise analysis of multiple techniques: discovery by a novel quantitative detection of microarrays, confirmation by a traditional gel electrophoresis, and a full genome prediction with computational analyses.
INTRODUCTION
Transcription initiation in eukaryotes is a complex process that involves sequence-specific interactions between multiple transcription factors (TFs) and the core promoter leading to the assembly of the preinitiation complex (PIC). Most eukaryotic genes whose core promoters are located 40-50 basepairs (bp) upstream and/or downstream from the transcription start site (TSS) are transcribed by RNA polymerase II (1) . Multiple core promoter elements have been identified, including the TATA box, INR (the initiator), BRE (the TFIIB recognition element), DPE (the downstream promoter element), and CpG islands (2) . Among these, the TATA box, which has the consensus sequence TATA(A/T)A(A/T)(G/A) (1) , has been the most extensively studied. According to the textbook model of transcription initiation, the PIC assembly begins with the TATA-binding protein (TBP) directly binding to the TATA box 25-35 bp upstream of the TSS, followed by the recruitment of general/basal TFs and RNA polymerase II (1, 3) . However, a genome-scale computational analysis revealed that the majority of human genes (~76%) lack the TATA box in the core promoter (4) . Recent studies suggested that the mechanisms of transcription initiation in eukaryotes are more diverse than the textbook model (2, 3, 5) , and that the PIC can assemble with only a subset of TBP-associated factors (TAFs) for TATA-less promoters (6) .
Is TBP to be disregarded in transcription initiation for genes with TATA-less promoters? There is some evidence that TATA box binding proteins can also recognize sequences lacking the TATA motif, albeit with substantially reduced affinity (7) . Furthermore, the emergence of broad-peak TSS-containing promoters, where the TSS is distributed over a region of 100 bp (8) , suggests PIC sliding or multiple PIC formation (5) . As we try to uncover the diverse mechanisms of eukaryotic transcription initiation, particularly for vertebrates, it is reasonable to question whether alternative TBP binding motifs exist. Alternative binding motifs could be present in the core promoter or in broad-peak TSScontaining promoters that extend beyond the traditional core, which would lead to PIC assembly for TATA-less promoters.
A systematic search for alternative TBP binding sequences would be difficult to carry out with traditional with gel-based assays, because they are too labor-intensive for surveying numerous DNA and protein interactions. Alternatively, several solid-phase, array-based methods that allow multiplexed detection have been developed to study DNA-TF interactions (9-13). However, they present limitations due to the nature of solid-phase interactions. Here we apply a recently developed and validated solidphase, high-throughput DNA-protein complex detection platform that 1), mimics solution-phase interactions; 2), is quantitative; and 3), is independent of the conformation of the molecules on the surface. In particular, we employ a label-free detection platform, interferometric reflectance imaging sensor (IRIS), to study TBP interaction with multiple types of DNA.
IRIS satisfies all of the aforementioned requirements. First, it uses a three-dimensional (3D) polymeric network (14) that swells up to 20 nm from the substrate surface upon hydration (15) . This swelling of the polymer provides a solution-like microenvironment, thereby preserving DNA-TF affinity on the surface. Second, IRIS detection is based on optical path difference (OPD) measurements caused by surface accumulation of biomolecules, providing quantitative results. Protein-protein (16) and DNA-DNA interactions (17) were studied previously, and the conversion of OPD to mass density on the surface was reported (18) . Finally, IRIS is independent of any conformational changes of the molecules on the surface. Double-stranded DNA (dsDNA) often undergoes conformational changes when interacting with proteins (19) (20) (21) , and many labelfree detection techniques based on evanescent optical fields are sensitive to surface conformation. In addition, protein binding to single-stranded DNA (ssDNA) can induce different conformational changes compared with dsDNA binding, which can further complicate quantification.
We use IRIS technology to investigate the interaction between TBP and ssDNA and dsDNA arrays that have similar probe density. We show that TBP binds specifically and tightly to T-rich oligonucleotides (polythymine (poly-T) stretches) and to single-stranded TATA (ssTATA) box sequences, as well as to traditional double-stranded sequences with the TATA box motif. The label-free results are confirmed with a traditional gel mobility shift assay, and the relative affinities of TBP are found by competition assays and IRIS. In addition, we present full human genome analyses of various locations of poly-T stretches and TATA box motifs within the extended core promoter, and discuss their implications for transcription initiation.
MATERIALS AND METHODS

IRIS detection principle
An outline of the detection principle (16, 22) is shown in Fig. 1 . Briefly, by using optical interferometry, we measure protein accumulation on the sensor surface by determining the optical path difference (OPD). We convert the measured OPD into mass density on the surface by using simple conversion factors (1 nm ¼ 0.8 ng/mm 2 for ssDNA, and 1.2 ng/mm 2 for the additional protein layer) determined in previous work (18) .
DNA microarray preparation
Silicon wafers with 500 nm of thermally grown oxide were purchased from Silicon Valley Microelectronics (Santa Clara, CA). The wafers were diced into approximately 15 mm Â 15 mm chips and cleaned by sonicating in acetone for 5 min (three times), rinsing in methanol, then rinsing in deionized water. All chips were dried with nitrogen gas and cleaned with O 2 plasma asher. Copoly (N,N-dimethylacrylamide (DMA)-acryloyloxysuccinimide (NAS)-3(trimethoxysilyl)-propylmethacrylate (MAPS)), which will be referred to as copoly (DMA-NAS-MAPS), was synthesized and coated on the clean silicon chips as described elsewhere (23) . All DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA) and purified by high-performance liquid chromatography to >80% purity. For the purpose of immobilization, some oligonucleotides had amine modification on their 5 0 end. We investigated 15 different sequences with 10-20 replicate spots to demonstrate IRIS as a high-throughput platform to study TF. Each microarray consisted of four replicate arrays amounting to >600 DNA spots per chip. The sequences of the oligonucleotides relevant to this study were designed to result in minimal secondary structures ( Table 1 ). All oligonucleotides were hybridized with complementary probes without the amine tag in 150 mM sodium phosphate buffer, pH 8.5. To ensure that all amine-modified oligonucleotides were in a duplex form, the concentration of the complementary probes was in 5% excess during hybridization. The hybridized dsDNA was spotted onto the functionalized surface by BioOdyssey Caligrapher MiniArrayer (Bio-Rad, Hercules, CA) at a final concentration of 20 mM in 150 mM sodium phosphate buffer, pH 8.5. Any excess oligonucleotide that did not have amine modification was washed off the array (24) . The thermodynamic properties of the oligonucleotides were calculated with OligoAnalyzer (Integrated DNA Technologies). The free energies of all possible hairpin structures were found to be > À1.63 kcal/mol, which is significantly greater than that of the duplex (DG ¼ À50.7 kcal/mol). Under these conditions, the intramolecular structure is inconsequential.
The spotted arrays were kept in a humid environment with 65% humidity overnight for immobilization reaction to complete. All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless noted FIGURE 1 Description of label-free detection of DNA-protein interactions using IRIS. (a) Four LEDs with peak emission at 455 nm, 518 nm, 598 nm, and 635 nm are used to illuminate the biosensor surface. Light is reflected at both the air-SiO 2 interface and the Si-SiO 2 interface. Reflected light from the two optical paths interferes, and the intensity over the surface is imaged with a CCD camera. A functional polymeric surface is used to specifically immobilize DNA on the surface in a microarray format. Accumulation of biomolecules on the surface changes the optical path, causing a phase shift in the reflected intensity. (b) The reflected intensity of each pixel is normalized and fitted with an algorithm at four wavelengths. The difference in optical path length is mapped into a height change and is illustrated as a shift of the intensity curve.
Biophysical Journal 103 (7) 1510-1517 otherwise. The DNA arrays were washed four times in 2X saline sodium citrate (SSC) buffer for 10 min each, and then 0.2X SSC for 1 min on a shaker, followed by two final rinses in 0.1X SSC. A number of the DNA arrays were washed three times in deionized water for 3 min to denature the dsDNA and make ssDNA arrays, as it was previously shown that deionized water can completely denature the double helix at room temperature (17) . The microarrays were imaged with IRIS to determine the immobilization density of the spotted DNA probes.
TBP binding
Human TBP was purchased from Proteinone (Rockville, MD). The DNA microarrays were imaged with IRIS to acquire the surface density of the oligonucleotides before the binding experiments. The microarrays were treated with TBP for 2 h on a rotating shaker in a binding buffer at pH 7.0 that consisted of 10 mM HEPES, 70 mM KCl, 10 mM MgCl 2 , 1 mM EDTA, and 0.9 M trehalose. To avoid aggregation of TBP, we used trehalose as a deaggregator (25) . After TBP binding, the microarrays were washed in the same binding buffer without TBP 5 times for 3 min, followed by a final rinse in deionized water. Finally, the microarrays were imaged with IRIS to measure the OPD upon TBP binding.
Electrophoretic mobility shift assays
Purified TBP was used for all gel experiments. TBP was premixed on ice to a final volume of 20 mL containing the following components: 10 mM HEPES, 70 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 0.1% Triton X100, 0.9 M trehalose, and 5% glycerol. The above reaction mixtures were loaded onto a 5% (60:1) polyacrylamide gel containing 5 mM MgCl 2 , 5% glycerol, 2.5 mM dithiothreitol (DTT) in 0.5X Tris-borate-EDTA (TBE) buffer. The running buffer was 0.5X TBE. Xylene and bromophenol blue dyes were added to DNA lanes only, because they are known to interfere with DNA protein binding. All ssDNA sequences were purchased from Integrated DNA Technologies (Coralville, IA) without any modifications. The oligonucleotides were 32 P labeled using T4 polynucleotide kinase (PNK) and hybridized with unlabeled complement to form radiolabeled dsDNA. The amount of DNA used in one lane was 10,000 cpm or 1-5 ng, and TBP was used in excess 0.21 mg. Electrophoresis was conducted at 140 V (constant voltage) for 3.5 h at 4 C. The gels were vacuum dried for 1 h at 80 C on blotting paper. The gels were then exposed by conventional autoradiography, and 10X unlabeled competitor DNA was used for competition assays from radiolabeled DNA (see Fig. S1 in the Supporting Material).
Computational identification of TATA box and poly-T stretches in human promoter regions
We parse the extended core promoters for each gene in the human genome into four classes: 1), those with the TATA motif and without poly-T; 2), those having both the TATA motif and poly-T; 3), those with poly-T and no TATA motif; and 4), those with neither poly-T or the TATA motif. Human promoter regions from À2000 to 0 relative to the TSS (þ1) of all human genes were downloaded from the UCSC genome browser (http://hgdownload.cse.ucsc.edu/downloads.html; hg19, GRCh37). A total of 17,920 genes were left after redundant entries were removed. We searched for poly-T stretches with at least nine consecutive thymines in the promoter regions from À2000 to 0. We searched TATA-like element in the core promoter regions (À50 to 0) to find correlations between poly-T stretches and the textbook model of the TATA box by using position-specific scoring matrices (PSSM) of the TATA box collected from the TRANSFAC database (26) . We calculated score S for each position along the promoter region to evaluate whether a gene had a TATA-like element (27) :
where L is the length of the sequence being scored (the number of columns in the PSSM), i labels the position of a nucleotide in the sequence, e i ðx i Þ is the probability of observing nucleotide x in position i, and q xi is the background probability of observing nucleotide x. S represents the log odds ratio of the scored sequence being derived from the TATA box motif versus being derived from the background sequence. A positive score S indicates that the scored sequence is more likely to be derived from the TATA box motif. We scored all overlapping sequences of length L within 50 bases of the TSS. With a permissive threshold (S > 0), 5486 genes with TATA-like elements in their core promoter regions were kept.
RESULTS AND DISCUSSION
TBP binds to ssTATA box, dsTATA box, and poly-T stretches
All DNA microarrays contained 16 replicate spots for each oligonucleotide. The arrays were imaged with IRIS before and after binding with TBP, as shown in Fig. 2 . Four dsDNA arrays and four ssDNA arrays were prepared, and they were incubated with 5 mg/mL of TBP. The average measured heights of all types of DNA probes across the four microarrays are plotted in Fig. 3 a. The height increase of the probes after the addition of TBP shows that TBP binds to both ssDNA and dsDNA with the TATA motif. In addition, we observe a high number of TBPs binding to ss25-mer T, and very few binding to ss25-mer A. The measured optical thickness of the biolayers was converted to the average mass density of the biomolecules on the surface, which in turn was converted to molecular surface density using the appropriate molecular weights of each molecule (Fig. 3 b) . The mass density of the dsDNA was normalized to account for the refractive index change between ssDNA and dsDNA in the same fashion as in our previous work (17) . Fig. 3 c shows the ratio of the number of TBPs to DNA detected on the surface. An~1:1 ratio of TBP to DNA is found on both dsDNA and ssDNA with one TATA motif. Of interest, the ratio is very large for ss25-mer T (~4 TBP to DNA), indicating that multiple TBPs are bound to a single ss25-mer T probe. The presence of 0.9 M trehalose in the binding buffer reduces the possibility of TBP aggregation. We observe very little binding to ss25-mer A, which confirms that TBP does not bind to ssDNA indiscriminately and instead has a marked preference for T-rich sequences. The preference for T-rich sequence is also displayed by a higher ratio of TBP to DNA on ds25-mer dA/dT compared with that of dsDNA with one TATA motif. The IRIS results were confirmed by an electrophoretic mobility shift assay (EMSA), as shown in Fig. 3 d. The shift caused by the dsTATA-TBP complex is lost when the reaction is competed with cold ss25-mer T and ssTATA, whereas the shift is retained with cold ss25-mer A. TBP interactions with ssTATA, dsTATA, and ss25-mer T are confirmed to have high affinity compared with ss25-mer A.
For solid-phase methods, one must consider the surface density of the probes. Oligonucleotide surface density has been known to affect the kinetics as well as the thermodynamics of hybridization on the surface (28, 29) , and investigators have attempted to control the oligonucleotide surface density to investigate DNA-DNA interaction (30) . A similar concern can be raised when analyzing DNA-protein Biophysical Journal 103(7) 1510-1517 interaction in the context of molecular crowding on the surface. Thus, in order to obtain an accurate comparison of DNA-protein interaction between two different types of DNA array (ssDNA and dsDNA), the initial oligonucleotide surface densities must be comparable. Our previous work showed that the surface density of ssDNA arrays was twofold higher than that of dsDNA arrays when both ssDNA and dsDNA were directly immobilized on copoly (DMA-NAS-MAPS)-functionalized surfaces (24) . For this work, it is important to realize that the ssDNA arrays were prepared in a way that resulted in a probe density similar to that of the dsDNA arrays. The probe densities of ssDNA are all within 530% (Fig. 3 b) of those of the corresponding dsDNA sequences. The effect of different surface densities of the DNA probes on TBP-DNA interaction is shown in Fig. S2 .
Multiple TBPs bind to single-stranded poly-T
To determine the binding trend of TBPs relative to the number of repetitive Ts, we investigated TBP binding to poly-T oligonucleotides of different lengths. Four ssDNA arrays containing 6-mer, 9-mer, 12-mer, 15-mer, 18-mer, 25-mer, and 40-mer poly-T were prepared. Binding experiments were carried out by incubating the DNA arrays with 10 mg/mL of TBP for 2 h. The ratio between the ssDNA probes to the bound TBP was calculated, and the results are shown in Fig. 4 . TBP did not interact with 6-mer poly-T, suggesting that TBP requires more than six nucleotides to interact. The increasing number of TBPs bound with respect to the increasing length of poly-T oligonucleotides suggests that multiple TBPs are bound along the length of the DNA strand, and the binding signal is not due to TBP aggregation.
TBP binds to ss25-mer T with higher affinity than to dsTATA
We performed a competitor gel-shift assay with ss25-mer T and dsTATA (Fig. 5) to investigate the relative affinity of TBP to the poly-T stretches. Lane 2 shows the ss25-mer T-TBP complex, which migrates more slowly than the control without TBP in lane 1. Addition of cold ssTATA showed only partial competition in lane 4. However, when cold ssTATA was added to the dsTATA-TBP complex, the signal was markedly reduced, as shown in lane 9. This finding suggests that TBP has a higher affinity for ss25-mer T than for dsTATA. Additionally, successful competition of ss25-mer T-TBP with ssTATA and dsTATA implies that the TBP-ss25-mer T interaction is reversible. Comparing lanes 4 and 5, we argue that TBP has a higher affinity for dsTATA than for ssTATA. Taken together, these data strongly suggest that TBP binds to ssTATA with low affinity, to dsTATA with high affinity, and to ss25-mer T with the highest affinity. We performed a series of experiments with TBP binding to oligonucleotide arrays to compare the relative affinity with limited TBP concentrations (2.5, 1.0, 0.5, and 0.25 mg/mL). The high affinity of TBP for poly-T stretches was also observed with IRIS, and there was no TBP binding to ss25-mer A as expected (Fig. S3) .
Using IRIS, we determined that~4 TBP molecules bound to ss25-mer T. However, the gel mobility results show a shifted band corresponding to one TBP molecule. This discrepancy can be attributed to the different conditions used for the two techniques. For example, IRIS is run under equilibrium conditions, whereas EMSA is run under nonequilibrium conditions. We note that ss25-mer T has a slower migration than dsTATA. This difference in migration suggests that ss25-mer T has secondary structure that may contribute to TBP binding. Given the high-affinity binding of TBP to this probe, and the prevalence of repetitive T in the genome, it will be important to derive the secondary structure of ss25-mer T and obtain an x-ray or NMR structure of the TBP-ss25-mer T complex that can be compared with what we already know about the TBP-dsTATA box interface. Poly-T stretches are prevalent in the human core promoter region
Our search in 2000 bp of 17,920 promoters for poly-T stretches uncovered 6356 (35.5%) genes with one or more poly-T stretches. We also searched for a TATA-like element in the core promoter region and found 5162 (28.8%) genes. We categorized the relations between TATA box and poly-T stretches into three types (Fig. 6 ) to understand the positional dependence of poly-T stretches to the TATA box. Type I genes have TATA-less promoter and poly-T stretches in the core promoter regions. This suggests that a poly-T stretch could serve the function of a TATA box when the promoter region lacks a TATA box. We then searched for genes that have both poly-T stretches and a TATA element in the promoter regions. In type II genes, both elements are close together in the core promoter region. Considering the high affinity of TBP for poly-T stretches, the presence of both elements in the core promoter region may facilitate the initial TBP interaction to the promoter. In type III genes, the TATA box and poly-T stretches are farther apart. Table 2 lists the number of genes in each type. A complete list of type I-III genes can be found in the Supporting Material.
The TBP interactions with dsTATA box, ssTATA box, and poly-T stretches shown by IRIS were confirmed by EMSA. Furthermore, a competition assay revealed that TBP has a high affinity for poly-T stretches comparable to that for the TATA box. This interaction between TBP and poly-T stretches has several implications for transcription initiation. First, a poly-T stretch can serve as an alternative binding motif for TBP in TATA-less promoters. Our computational analysis revealed that 51 TATA-less promoters in human genome have poly-T stretches. Second, poly-T stretches within the core promoter with TATA box may upregulate gene expression by increasing the local TBP concentration in the promoter region. There is evidence that a certain length of repetitive thymine correlates with transcription activity. For example, Krebs et al. (31) identified a minimal core promoter for JC virus that functions sufficiently as an autonomously active initiator. This minimal core promoter consists of only the TATA box and an 8 bp poly-T immediately upstream. In addition, Grishkevich et al. (32) reported that the presence of T-blocks (3-5 poly-T sequence) in the core promoter positively correlated with gene expression levels in Caenorhabditis elegans, and that T-blocks may be associated with nucleosome eviction, clearing the promoter for transcription. The computational results suggest that the average distance between the TATA box and poly-T stretch in these 51 TATA-less promoters is~15 bp, and 21.6% of them are within 5 bp. Finally, poly-T stretches farther away from the TATA box may have a regulatory role in TBP-initiated PIC formation. We found~2000 genes in the human genome that contain a poly-T stretch 2000 bp upstream of TSS, which also has a TATA box in the core promoter. We propose two possible regulatory roles: 1) A long poly-T stretch could act as a sink for TBP and decrease the TPB concentration in the core promoter region, which would result in decreased TBP-dependent PIC formation and downregulation of the gene expression. 2) Poly-T stretches could facilitate TBP binding to the TATA box by having the TBP bypass the very slow 3D diffusion and delivering TBP to the promoter region through protein hopping and intersegment transfer. Regulatory proteins have been shown to undergo translocation on DNA in search of specific binding sites through macroscopic dissociationreassociation processes (33) (34) (35) .
CONCLUSIONS
We have presented a novel (to our knowledge) method for investigating TF-DNA interaction with IRIS, an interferometry-based label-free sensor with a high-throughput capacity. We demonstrated a simple method for fabricating ssDNA and dsDNA arrays with comparable probe density, enabling a correct comparison of the interactions among various types of DNA probes across multiple arrays. Maintaining a comparable probe density is particularly important in quantitative analysis of TF-DNA interactions on a surface, and we show that surface oligonucleotide density can influence the protein interaction to the surface probes. The number of probes investigated in this work was limited because we sought to demonstrate the feasibility of IRIS as a platform to study TF; however, high throughput can easily be incorporated because the throughput of IRIS is restricted only by the size of the camera (16) . IRIS allowed parallel investigation of multiple DNA probe interactions with a given TF. By controlling the concentration of the protein, we determined the relative affinity of TBP for FIGURE 6 Three types of TATA-box-poly-T-stretch relation. The type I genes have TATA-less promoters and a poly-T stretches in the core promoter regions. The type II genes have a poly-T stretch with a TATA box in the core promoter region. The type III genes have a TATA box in the core promoter region and at least one poly-T stretch in the further promoter region. Biophysical Journal 103(7) 1510-1517 different oligonucleotide sequences, and these results were confirmed with traditional gel electrophoresis techniques. The discovery of TBP's high affinity for poly-T stretches led to a computational genome analysis, and we found that poly-T stretches are abundant (35.5%) in promoter regions. Based on the positional analysis of poly-T stretches and TATA box, we found 51 TATA-less promoters that can be regulated by TBP through the presence of poly-T stretch in the core promoter. In addition, we suggest a regulatory role of poly-T stretches in transcription initiation for genes that present both poly-T stretch and a TATA element. Further studies, particularly in vitro investigations of poly-T stretches, will help us understand the diverse mechanisms of eukaryotic transcription initiation.
SUPPORTING MATERIAL
Additional details are available at http://www.biophysj.org/biophysj/ supplemental/S0006-3495(12)00926-5.
This work was supported by the National Institutes of Health (grant GM074872-02).
